Abstract − In this work sol-gel dip-coating technique was used to synthesize ZnO and ZnO/Al films. The influence of annealing regime and dopant concentration on the structural properties of ZnO and aluminum doped ZnO (ZnO/Al) films was investigated. The surface morphology and crystallinity of ZnO films were determined using atomic force microscopy and Xray diffraction, respectively. The experimental results show that ZnO and ZnO/Al films prepared using "shock" conditions have smooth surfaces and uniform grains. Increase of aluminum concentration led to grain size reduction and denser film.
I. INTRODUCTION
Zinc oxide is a transparent semiconducting oxide with a direct wide band gap (3.37 eV) [1] . ZnO nanoparticles have piezoelectric, electric and optical properties and they also show ultraviolet emission near band gap. Possible applications of ZnO nanoparticles are humidity and gas sensors, photoelements and light emitting diodes [2] , varistors [3] , surface acoustic wave devices [4] , optical waveguides [5] , solar cells [6] , etc.
High electrical conductivity, optical transparency in wide range and resistance to hydrogen plasma exposure of ZnO films doped with III group elements (B, Ga, In) makes them prospective materials for application in transparent electrodes, optoelectronic devices and solar cells [7] , [8] .
Doped zinc oxide (ZnO) thin films (including with Al
3+
) are a promising alternative for indium tin oxide transparent conducting films, due to high conductivity and excellent optical properties. ZnO/Al thin films can be produced by many methods such as chemical vapour deposition [9] , radio frequency sputtering [10], sol-gel dip-coating [11], spray pyrolysis [12] .
In this work we have studied the structural and optical properties of ZnO/Al thin films prepared by sol-gel dip-coating process.
II 
B. Characterization
The effect of the annealing conditions on the particle size of the synthesized ZnO nanoparticles was studied using powder Xray diffraction (XRD) with Xray diffractometer Rigaku Ultima+. Cu Kα radiation was used in XRD. Scanning electron microscopy (SEM) images were obtained using scanning electron microscope T200 -JEOL at an accelerating voltage 5 kV. Atomic force microscopy (AFM) was done using Veeco SPM II microscope in a non-contact mode. AFM measurements were used to investigate the effect of Al 3+ doping on the microstructure of ZnO/Al films. Al 3+ doping influence on optical properties of the films was studied using Speccord 210 PC ultraviolet-visible light (UV-VIS) spectrometer.
C. Preparation of ZnO/Al Thin Films
A precursor solution was synthesized by dissolving zinc acetate dihydrate in ethanol and DEA solution. The concentration of zinc ions was 0.5 M, and the molar ratio of DEA to zinc ions was maintained at 1.0. The volume ratio of C 2 H 5 OH : DEA : Zn(CH 3 COO) 2 ·2H 2 O was 89 : 5 : 6. The solution was stirred at 60 °C for 2 h to yield a clear and transparent sol. Al(NO 3 ) 3 ·9H 2 O was used as a dopant with mole fraction 0 %, 1 % and 5 % to form ZnO, ZnO/Al1 and ZnO/Al5 samples, respectively. After addition of Al(NO 3 ) 3 ·9H 2 O, solution was stirred for further 1.5 h. The solution was then aged in room temperature for 24 h. The precursor solution was deposited on Menzel-Gläser sodium silicate glass substrates by dip-coating process. Glass substrates were cleaned using CeO 2 , soap, distilled water and ethanol. After coating the substrates were pre-heated at 200 °C for 10 min. Then the films were transformed into nanocrystalline pure or aluminium-doped ZnO films by thermal treatment at 500 °C for 30 min. Two different thermal treatment methods were used: gradual increase of the temperature, with increase rate 5 °C/min, or using "shock" conditions (specimens were inserted in the maximal temperature 500 °C).
III. RESULTS AND DISCUSSION

A. Results
The surface morphologies of the ZnO, ZnO/Al1 and ZnO/Al5 films measured by AFM are presented in Fig. 1 . Two different annealing treatments of ZnO and ZnO/Al films are the gradual increase of the temperature and the "shock" conditions. the average grain size of the films. For samples annealed using gradual increase of temperature the surface was relatively rough, they had bigger grain size and inhomogeneous grain distribution along the specimens compared to samples annealed using "shock" conditions. Upon comparison of samples with different amounts of Al 3+ , it can be seen that temperature treatment method has a significant influence on ZnO/Al surface.
For samples obtained using "shock" conditions, ZnO doping with Al 3+ led to finer grain sizes. For samples obtained using gradual temperature increase Al 3+ doping led to an opposite effect. The crystal structures in thin films were identified using XRD. Fig. 4 displays the Xray diffraction patterns of the samples annealed using "shock" conditions. For both ZnO and ZnO/Al films the patterns corresponded to five diffraction peaks of crystalline ZnO: (100), (002), (101), (102), (110). This indicates that films had a hexagonal wurtzite structure. Fig. 5 shows optical transmittance spectra of samples ZnO, ZnO/Al1 and ZnO/Al5 in range from 300 nm to 740 nm. Upon doping ZnO with Al 3+ the optical transmittance increased in direct proportion to the changes of Al 3+ concentration. Optical transmittance of ZnO sample was 82.28 %. For ZnO/Al-1 sample optical transmittance was 88.45 % and for ZnO/Al-5 sample optical transmittance was 91.03 %.
For investigation of concentration of Al 3+ influence on film morphology SEM was performed. SEM results are presented in Fig. 6 . In SEM images it can be seen that the coatings consisted of individual grains that are densely arranged. Furthermore, with the increase of Al 3+ dopant concentration, grains were arranged more densely. Pure ZnO film had larger grain size, but narrower grain size distribution, compared to ZnO/Al films. For ZnO/Al films grain size decreased, if Al 3+ concentration increased. 
B. Discussion
The possible reason for higher roughness of samples annealed with gradual increase of temperature (see Fig. 1 ) is given in the further text. Samples annealed with gradual increase of temperature formed irregular particle size distribution, because the growth of the particles occurs gradually starting from the upper layers and spread in depth, so the particle growth on the surface limited the growth of the particles located in inner layers. Conversely, in coatings, obtained using "shock" conditions, the particle growth occurred uniformly at all film depths. Gradual increase of the annealing temperature also caused crystalline lattice deformation due to anisotropic thermal motion, but when using the "shock" conditions crystal lattice deformation did not have time to take place, when the sample reached the maximum temperature momentarily.
In Fig. 4 XRD results for pure and Al 3+ doped ZnO films are shown. In both cases there was ZnO wurtzite crystalline phase. The intensities of diffraction peaks of the (100), (002), (101), (102) and (110) planes tended to decrease with entry of Al 3+ dopant. This indicates that doping with Al 3+ decreased the crystallinity of ZnO films. In XRD patterns of both ZnO/Al-1 and ZnO/Al-5 no new peaks appeared. This could be caused by interaction between Al 3+ and ZnO. It may be due to the fact that Al 3+ upon entering the ZnO structure did not form a Optical transmittance spectra of samples shown in Fig. 5 . It shows that doping of ZnO with Al 3+ increase the intensity of optical transmittance; this can be explained by decrease of porosity in ZnO/Al samples. Reduction of porosity is explained by the particle size distribution − smaller particles filled in the gaps between larger particles, thus preventing the formation of pores.
SEM images in Fig. 6 show that between the particles pores were formed. This can be determined by both optical and electrical properties of the material. Since the samples doped with Al 3+ had smaller particle sizes than the ZnO model, the amount of pores in these samples decreased due to the formation of particles in denser arrangement.
IV. CONCLUSION
ZnO and ZnO/Al thin films were coated on sodium-silicate glass substrate by sol-gel dip-coating method. Influence of annealing conditions on the morphology of thin films was investigated. Surface of the specimens annealed in "shock" conditions had better quality, lower roughness and smaller particle size.
Studies on the effects of the Al 3+ concentration on ZnO/Al thin film morphology indicated that the increase of Al 3+ concentration in ZnO composition led to decrease of particle size in the films and formation of denser particle arrangement; this resulted in an increase of optical transmittance. 
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